The ribosome plays a universal role in translating the cellular proteome. Defects in the ribosome assembly factor Las1L are associated with congenital lethal motor neuron disease and X-linked intellectual disability disorders, yet its role in processing precursor ribosomal RNA (pre-rRNA) is largely unclear. The Las1L endoribonuclease associates with the Nol9 polynucleotide kinase to form the internal transcribed spacer 2 (ITS2) pre-rRNA processing machinery. Together, Las1L-Nol9 catalyzes RNA cleavage and phosphorylation to mark the ITS2 for degradation. While ITS2 processing is critical for the production of functional ribosomes, the regulation of mammalian Las1L-Nol9 remains obscure. Here we characterize the human Las1L-Nol9 complex and identify critical molecular features that regulate its assembly and spatial organization. We establish that Las1L and Nol9 form a higher-order complex and identify the regions responsible for orchestrating this intricate architecture. Structural analysis by highresolution imaging defines the intricate spatial pattern of Las1L-Nol9 within the nucleolar sub-structure linked with late pre-rRNA processing events. Furthermore, we uncover a Nol9 encoded nucleolar localization sequence that is responsible for nucleolar transport of the assembled LasL-Nol9 complex.
Introduction
Genes responsible for ensuring the translational capacity of the cell play a prominent role in brain development and function [1] [2] [3] . This emerging link highlights the necessity to understand the diverse and dynamic molecular cues orchestrating assembly of the translation machinery 4 . The human ribosome comprises 80 ribosomal proteins and 4 ribosomal RNAs (rRNAs) known as the 18S, 5S, 5.8S and 28S.
Ribosomes are assembled through a hierarchical pathway that comprises a series of folding events, integration of ribosomal proteins and precursor rRNA processing 5 . Assembly begins in the nucleolus where RNA polymerase I transcribes the poly-cistronic pre-rRNA which encodes for the 18S, 5.8S and 28S rRNAs separated by two internal transcribed spacers (ITS1 and ITS2) and flanked by two external transcribed spacers (5¢-ETS and 3¢-ETS) 6 . Efficient and precise removal of these spacers is vital for the functional integrity of the ribosome [6] [7] [8] . Correspondingly, there is a growing list of pre-rRNA processing factors associated with motor neuron diseases 6, [9] [10] [11] . The pre-rRNA processing factor LAS1L is highly expressed in the human cerebellum 12 and mutations are associated with spinal muscle atrophy with respiratory distress (SMARD) and Wilson-Turner X-linked mental retardation syndrome 13, 14 .
Mammalian
Las1L is necessary for excision of the ITS2, a pre-rRNA processing event that is paramount for proper maturation of the 60S large ribosomal subunit 15 . Despite its critical role in ribosome assembly, the molecular basis for Las1L regulation in ITS2 processing remains largely unclear.
Las1L associates with the ribosome assembly factor Nol9 to form the ITS2 pre-rRNA processing machinery. Las1L interacts with Nol9 both on and off pre-60S particles 16 . Analogous to Las1L, Nol9 is essential for ITS2 processing and its depletion causes early developmental defects that phenocopy neurodegenerative disease states 16, 17 . Both Las1L and Nol9 are conserved across eukaryotes and together form the ITS2 pre-rRNA processing complex. The mechanism for human ITS2 processing by Las1L-Nol9 is largely unknown, however reconstitution of Saccharomyces cerevisiae ITS2 processing has revealed a cascade of catalytic pre-rRNA processing steps 18 . The budding yeast Las1L homolog, Las1, associates with its Nol9 homolog, Grc3 [19] [20] [21] . The Las1 endoribonuclease initiates ITS2 processing by cleaving a defined site within the ITS2 leaving a 2¢-3¢-cyclic phosphate and 5¢-hydroxyl 8, [22] [23] [24] . The resulting 5¢-hydroxyl is subsequently targeted by the Grc3 polynucleotide kinase for RNA phosphorylation 8, 25 . The 5¢-monophosphate is the molecular signal that coordinates 5¢-and 3¢-exoribonucleolytic degradation of the ITS2 8, 18, 26, 27 . While these ITS2 processing steps have yet to be confirmed in higher eukaryotes, the strong conservation of the Las1 nuclease motif and Grc3 RNA kinase motifs suggest Las1L is the mammalian endoribonuclease that initially cleaves the ITS2 and Nol9 is the mammalian polynucleotide kinase that phosphorylates the resulting 5¢-hydroxyl end of the ITS2 (Fig.   1a ) 24, 28 . This is supported by a recent proteomic study confirming the direct interaction between human Las1L-Nol9 and pre-rRNA 29 , as well as earlier work reporting a block in ITS2 excision upon siRNA depletion of mammalian Las1L or Nol9 25, 30, 31 .
Although the overarching principles governing ITS2 processing are likely conserved, there are fundamental differences between lower and higher eukaryotes that undoubtedly necessitate additional layers of regulation. For instance, sequence alignments reveal large insertions within human Las1L and
Nol9 that are absent in their yeast counterparts. What influence these additional segments may have on the function and structural architecture of the Las1L-Nol9 complex is unknown. Moreover, the nucleolus is more compartmentalized in higher eukaryotes 30, [32] [33] [34] [35] . How human ITS2 pre-rRNA processing is spatially organized across the functionally distinct nucleolar sub-compartments remains undefined. To identify molecular cues important for coordinating mammalian ITS2 processing, we sought to characterize the human ITS2 pre-rRNA processing complex, composed of Las1L-Nol9. In this study, we show Las1L-Nol9 adopts a higher-order assembly that is mediated by molecular features encoded within the C-terminus of both Las1L and Nol9. Using high-resolution confocal microscopy, we map the position of the ITS2 processing complex to reveal its distinct porous-like nucleolar distribution. Structural analysis assigns Las1L-Nol9 to the nucleolar granular component where late pre-rRNA processing events take place. To understand how the ITS2 pre-rRNA processing complex achieves its spatial distribution, we identified a genuine Nol9 nucleolar localization sequence that is responsible for nucleolar transport of Las1L-Nol9.
Taken together, Nol9 serves as a critical spatial regulator that imposes sub-cellular organization on the human ITS2 pre-rRNA processing complex.
Results

Las1L-Nol9 Assembles into a Higher-Order Complex
To evaluate the structural organization of the human Las1L-Nol9 complex, we transiently transfected HEK 293T cells with plasmids encoding either N-terminally tagged GFP-Nol9, GST-Nol9 or Strep-Las1L. Immunoprecipitation using anti-GFP resin 36 and western blot analysis confirmed the robust detection of GFP-Nol9 and the absence of nonspecific interactions with the anti-GFP resin (Fig. 1b) . Next, we transiently expressed GFP-Nol9 along with Strep-Las1L or GST-Nol9. Co-immunoprecipitation of Strep-Las1L using immobilized GFP-Nol9 recapitulates earlier work that mammalian Las1L associates with Nol9
16
. Interestingly, we also determined that immobilized GFP-Nol9 retains GST-Nol9 (Fig. 1b) . This confirms there are multiple copies of the Nol9 polynucleotide kinase in the human Las1L-Nol9 complex.
Retention of GST-Nol9 occurs in the absence and presence of transiently expressed Strep-Las1L
suggesting Las1L-Nol9 is a mixed population of complexes that harbor either endogenous Las1L or the transiently expressed Strep-tagged Las1L. We confirmed the retention of endogenous Las1L by mass spectrometry from co-immunoprecipitation samples performed with HEK 293T cells transiently expressing GFP-Nol9 and GST-Nol9 (data not shown). This affirms that both endogenous Las1L and transiently expressed Las1L can associate with N-terminally tagged Nol9.
We also performed the reciprocal experiment to explore whether the human Las1L-Nol9 complex harbors multiple copies of the Las1L endoribonuclease. We transiently expressed GFP-Las1L, StrepLas1L or GST-Nol9 in HEK 293T cells. Immunoprecipitation using anti-GFP resin exclusively retains GFP-Las1L demonstrating the high-selectivity of the GFP affinity support (Fig. 1c) . Co-expression of Las1L with Nol9 reveals GFP-Las1L associates with transiently expressed GST-Nol9. This confirms that we can reconstitute human Las1L-Nol9 by immobilizing either the polynucleotide kinase or endoribonuclease component of the complex. Moreover, we show immobilized GFP-Las1L retains StrepLas1L (Fig. 1c) . This reveals the presence of multiple copies of the Las1L endoribonuclease in the human Las1L-Nol9 complex. Since Strep-Las1L is retained in the absence and presence of transiently expressed GST-Nol9, this again suggests there is a mixed population of Las1L-Nol9 where endogenous Nol9 and GST-Nol9 are interchangeable for complex formation. Protein identification by mass spectrometry confirmed the presence of endogenous Nol9 in co-immunoprecipitation samples where GFP-Las1L and
Strep-Las1L were transiently expressed (data not shown). Based on this work and previous biophysical characterization of the yeast hetero-tetrameric Las1-Grc3 complex 22 , we propose that human Las1L-Nol9 assembles into a higher-order complex harboring two copies of the Las1L endoribonuclease and two copies of the Nol9 polynucleotide kinase (Fig. 1d) . Together, these data demonstrate Las1L-Nol9 higherorder assembly is conserved in humans.
C-terminal Features of Las1L and Nol9 are Critical for Complex Formation
We next sought to define the molecular features driving assembly of the human Las1L-Nol9 complex. Nol9 harbors a conserved central polynucleotide kinase (PNK) domain that is flanked by N-and C-terminal domains (NTD and CTD) (Fig. 2a) . The PNK domain encodes the catalytic motifs necessary for its RNA phosphotransferase activity 25, 28, 37 , whereas the NTD and CTD have no known function. To identify the minimal region of Nol9 that is required to promote its association with Las1L, we engineered and transiently expressed a series of N-terminal GFP-tagged Nol9 truncations and assessed their binding affinity for Strep-tagged Las1L. Truncations to the Nol9 labile N-terminal tail or NTD show comparable Las1L binding as full length Nol9 (Fig. 2b) . This suggests the Las1L binding interface is found within the Nol9 PNK and/or CTD. Because it was previously reported that expression of the isolated Nol9 NTD and CTD are unstable 22 , we transiently expressed the Nol9 PNK domain along with Las1L and determined the PNK is insufficient to interact with Las1L. This is in stark contrast to the Nol9 PNK-CTD construct, which shows a clear interaction with Las1L ( Fig. 2b ) and suggests the Nol9 C-terminus harbors a prominent Las1L binding interface. To confirm that the Nol9 C-terminus is indispensable for Las1L binding, we characterized a Nol9 truncation that encodes the entire Nol9 sequence up to its CTD (residues 1-479).
Indeed, the absence of the C-terminus prevents this construct from interacting with Las1L (Fig. 2b) .
Therefore, we have identified a functional role for the Nol9 C-terminus and assign its activity to driving complex formation with the Las1L endoribonuclease.
We further characterized the Las1L-Nol9 interaction interface using a series of Las1L truncations. Las1L is organized into an N-terminal tail, a Higher Eukaryotes and Prokaryotes Nucleotidebinding (HEPN) domain, a Coiled-coil (CC) domain and a Las1L C-terminal tail (LCT) (Fig. 3a) . Human
Las1L harbors a characteristic a-helical catalytic HEPN core responsible for its nuclease activity 24 . Unlike other members of the HEPN superfamily, the Las1L/Las1 HEPN domain also contains a functionally undefined N-terminal extension (residues 37-82). To map the features of human Las1L that are required for its association with Nol9, Strep-tagged Las1L truncations and GFP-Nol9 were transiently expressed in HEK 293T cells and co-immunoprecipitated using anti-GFP resin. Since we have previously shown the HEPN core (residues 82-188) is critical for Las1 homodimerization 22 , we characterized Las1L variants that maintained their ability to self-associate. Las1L variants encoding deletions to the N-terminal tail and HEPN extension could still associate with Nol9 demonstrating they are dispensable for complex formation. Moreover, the Las1L HEPN core is insufficient for Nol9 binding since the Las1L variant (residues 1-188) harboring the N-terminal tail along with the HEPN domain did not bind immobilized GFPNol9 (Fig. 3b) . Conversely, removal of the LCT (residues 614-734) caused a dramatic Nol9-binding defect (Fig. 3b ). This demonstrates that the Las1L CC domain is largely dispensable while its LCT harbors critical residues for its association to Nol9. The beginning of the LCT encodes a cluster of conserved hydrophobic residues (Fig. 3a) . We asked whether this region of the LCT is important for Las1L-Nol9 complex formation. Interestingly, we could recover Las1L-Nol9 complex formation by extending the Las1L
C-terminus to include the LCT hydrophobic patch (residues 614-660) (Fig. 3b ). This work defines the LCT hydrophobic patch as a critical region for Nol9 association. This is reminiscent to the yeast ITS2 pre-rRNA processing complex where the hydrophobic C-terminus of Las1 is important for Grc3 association and stability 8, 22 .
Nol9 Localizes to Regions of Late pre-rRNA Processing
Human Las1L and Nol9 are functionally linked to ITS2 excision 15, 16 , a late pre-rRNA processing event. To precisely map the spatial organization of Las1L-Nol9, we monitored nucleolar localization of Nterminal GFP tagged Nol9 in U2OS cells. Conventional immunofluorescence has demonstrated the nucleolar localization of Nol9 16 , but its detailed spatial organization within the sub-regions of the nucleolus was unknown. To advance our understanding of the sub-nucleolar position of Nol9, we combined confocal laser scanning microscopy with Airyscan to achieve high-resolution imaging 38 . We systematically acquired high-resolution images along different focal planes of the nucleus to render the entire threedimensional volume of GFP-Nol9 (Fig. 4a) . Together, this approach provides high-sensitivity and distinguishes sub-structures within the nucleolus. GFP-Nol9 exclusively localizes to the nucleolus where it displays a distinct porous-like distribution (Fig. 4a) . The numerous "pores" are sub-regions void of GFP-Nol9 that are interspersed within extensive areas occupied by GFP-Nol9. This suggests there is a molecular mechanism orchestrating the precise position of Nol9 within the nucleolus.
We utilized co-localization studies to identify the sub-nucleolar position of Nol9. Human nucleoli are comprised of three distinct sub-regions where each compartment corresponds to a different stage of the pre-rRNA processing pathway 39 . The role of fibrillar centers remains unclear, but has often been associated with rDNA transcription, the dense fibrillar component is linked to early pre-rRNA processing and the granular component is associated with late pre-rRNA processing events [40] [41] [42] . Localization of GFPNol9 was compared to well-established sub-nucleolar markers, including the Upstream Binding Factor (UBF) for the fibrillar centers, fibrillarin for the dense fibrillar component, and nucleolin for the granular component. Each nucleolar marker displayed a distinct spatial pattern that is characteristic of its respective nucleolar sub-region ( Fig.4b-d ) 39 . The nucleolar distribution of Nol9 is vastly different from
UBF, yet strikingly similar to nucleolin suggesting Nol9 localizes to the granular component (Fig. 4d ).
Since the spatial organization for fibrillarin is intricate, we quantified the distribution of GFP-Nol9 to each nucleolar marker to generate 2D-plots describing the correlation between their sub-nucleolar localization.
The peaks from the intensity profile describing Nol9 localization show a negative relationship with the peaks in the UBF and fibrillarin profiles (Fig. 4b-c) . We take this to mean that Nol9 does not have a strong presence in either the fibrillar centers or dense fibrillar component. In contrast, the intensity profiles describing Nol9 and nucleolin localization are largely correlated (Fig. 4d ). This work defines the distinct sub-cellular distribution of human Nol9 to regions of the granular component where late pre-rRNA processing events takes place. This is in-line with conventional confocal microscopy showing colocalization of human Las1L with nucleolin 15 .
Identification of Candidate Nucleolar Localization Sequences in Nol9
Next, we asked how the human Las1L-Nol9 complex achieves its spatial organization within the nucleolus. Las1L nucleolar/nucleoplasm partitioning is sumoylation-dependent 16 , yet the exact molecular mechanism driving Las1L and Nol9 localization to the granular component remains unknown. To determine if either enzyme relies on a nucleolar localization sequence (NoLS), we analyzed the human Las1L and Nol9 primary sequence using the Nucleolar localization sequence Detector (NoD) 43 . This bioinformatic tool aims at identifying candidate NoLSs based on the reoccurring characteristics of validated NoLS signals. Typically, NoLSs are enriched for lysines or arginines, located within a coil, surface accessible and encoded near the N-or C-terminus 44 . Analysis of the Las1L primary sequence did not identify a candidate NoLS while we identified two putative NoLSs in Nol9. The N-terminus of Nol9 contains a putative NoLS (n-pNoLS) 28ILSRRPRRRLGSLRWCGRRRL48 that is arginine-rich and predicted to lie within a surface exposed coil (Fig. 5a) . Furthermore, we identified a putative C-terminal NoLS (c-pNoLS) 681REPEEAHKEKPYRRPKFCRKMK702 that contains both lysine and arginine residues (Fig. 5b) . Since both putative NoLSs are promising candidates, we evaluated the functional consequence of deleting each Nol9 pNoLS.
Nol9 has an N-terminal Nucleolar Localization Sequence
To determine whether Nol9 relies on an NoLS for its nucleolar localization, we characterized GFP-labeled Nol9 pNoLS variants in U2OS cells using high-resolution imaging. First, we deleted the npNoLS (Dn-pNoLS) or c-pNoLS (Dc-pNoLS) from Nol9 and compared its spatial distribution to full length Nol9 (Fig. 6a) . Removal of the n-pNoLS largely abrogates Nol9 nucleolar localization and shows homogeneous cellular distribution across the nucleolus, nucleoplasm and cytoplasm (Fig. 6b ). There remains a subtle accumulation of GFP-Nol9 Dn-pNoLS in the nucleolus and we attribute this to a subpopulation of Las1L-Nol9 complexes that harbor a copy of the endogenous Nol9 protomer. In stark contrast, deleting the Nol9 c-pNoLS shows robust nucleolar localization that is indistinguishable from full length GFP-Nol9 (Fig. 6b) . This indicates the c-pNoLS is dispensable for Nol9 nucleolar localization. To validate that the n-pNoLS is sufficient for driving nucleolar localization, we fused the Nol9 n-pNoLS or cpNoLS sequence to a GFP reporter (Fig. 6a) . Transient expression of GFP alone shows homogeneous distribution across the whole cell. Fusing the Nol9 c-pNoLS to the GFP reporter did not significantly alter its broad sub-cellular organization (Fig. 6c) . In contrast, GFP fused to the Nol9 n-pNoLS sequence exclusively localizes the GFP reporter to the nucleolus with a porous-like spatial pattern that is reminiscent to GFP-Nol9 localized to the granular component (Fig. 6c) . This reveals human Nol9 encodes a genuine NoLS at its N-terminus responsible for directing its position to the granular component of the nucleolus.
Nol9 Orchestrates Transport of Las1L into the Nucleolus
Considering Las1L lacks a predicted NoLS, we wondered whether its association with Nol9 may provide a mechanism for nucleolar transport. We performed Nol9 co-localization studies with endogenous Las1L using HeLa cells since the commercial anti-Las1L antibody shows nonspecific binding in U2OS
cells. Like its distribution in U2OS cells, GFP-Nol9 has a distinct porous-like pattern in the nucleoli of HeLa cells suggesting it is positioned within the granular component (Fig. 7a) . This porous-like pattern is maintained throughout the three-dimensional volume of nucleoli and is largely indistinguishable from the spatial organization of endogenous Las1L (Fig. 7b) . Co-localization analysis of several nucleoli produced intensity profiles that confirms a reproducible and robust positive correlation between GFP-Nol9 and endogenous Las1L (Fig. 7c-d) . Interestingly, we also observe immunoreactive puncta in the nucleoplasm when using the commercial anti-Las1L antibody in HeLa cells (Fig. 7c) . This either reflects non-specific binding of our antibodies or a nuclear sub-population of Las1L. We favor the latter since sumoylation has been shown to regulate Las1L nucleolar/nucleoplasm partitioning 45 . To determine whether the validated Nol9 n-NoLS is required for Las1L nucleolar localization, we monitored endogenous Las1L cellular distribution in transfected HeLa cells expressing GFP-Nol9 Dn-NoLS or GFP-Nol9 Dc-pNoLS. First, we confirmed transient expression of GFP alone does not alter the nucleolar localization of endogenous Las1L ( Fig. 8a-b) . Similarly, deletion of the Nol9 c-pNoLS had no effect on the spatial distribution of Las1L (Fig. 8c) . Conversely, deletion of the validated n-NoLS disrupts the nucleolar localization of both GFP-Nol9 Dn-NoLS and endogenous Las1L in HeLa cells (Fig. 8d) . Quantification of their co-localization shows intensity profiles where the homogeneous distribution of Nol9 Dn-NoLS is in sync with endogenous Las1L. Their spatial correlation suggests Las1L is still associated with Nol9 Dn-NoLS, but is no longer capable of positioning itself in the nucleolus. This is in accordance with our co-immunoprecipitation studies where deletion of the Nol9 labile N-terminal tail, which includes the n-NoLS, did not effect Las1L binding (Fig. 2) . Thus, Las1L has no intrinsic molecular signal for the nucleolus, but instead associates with Nol9 in the cytoplasm to "piggyback" its way into the nucleolus.
Discussion
Here we uncovered the structural organization of the human Las1L-Nol9 pre-rRNA processing complex. We propose the human Las1L-Nol9 complex contains at least two copies of the Las1L endoribonuclease and two copies of the Nol9 polynucleotide kinase (Fig. 9) . Members of the HEPN superfamily require dimerization of their HEPN domains for nuclease activation 23, 24, [46] [47] [48] [49] . As such, we anticipate the human Las1L HEPN nuclease is a homodimer within the ITS2 pre-rRNA processing complex. This corresponds to previous work revealing the budding yeast Las1 HEPN domain forms a dimer in solution 22 . Following ITS2 cleavage, the associated Nol9 polynucleotide kinase subsequently phosphorylates the resulting 5¢-hydroxyl RNA to signal ITS2 degradation 8, 25, 26 . Nol9 belongs to the Clp1/Nol9 PNK family where members share a similar central PNK domain that contains the catalytic motifs necessary for RNA phosphotransferase activity 28, 37, 50, 51 . Interestingly, eukaryotic Clp1 requires a single protomer for RNA phosphorylation 50, 51 . This raises the question as to why there are multiple copies of Nol9 in the ITS2 pre-rRNA processing complex. We speculate that only one catalytically-competent copy of Nol9 is necessary for ITS2 phosphorylation, but two Nol9 protomers are required to scaffold the Las1L homodimer and maintain stability of the complex. This is supported by work performed in yeast showing Las1 relies on its Grc3 binding partner for protein stability and homodimerization 21, 22 . Therefore, this work reveals that Las1L-Nol9 higher-order assembly is not unique to yeast, but a fundamental structural feature of the ITS2 pre-rRNA processing complex that is conserved across the eukaryotic lineage.
We mapped the molecular features critical for supporting the structural architecture of Las1L-Nol9. Las1L co-immunoprecipitation using Nol9 truncations identified the Nol9 C-terminus as an important region for Las1L binding. The Nol9 C-terminus contains the CTD and a short C-terminal tail that harbors the putative c-pNoLS. Since deleting the Nol9 c-pNoLS did not alter its co-localization with endogenous Las1L (Fig. 8c) , this suggests the C-terminal tail is dispensable for Las1L binding. Consequently, we can refine the Las1L binding interface exclusively to the CTD of Nol9. This is an important advancement in our understanding of the Las1L-Nol9 complex because the role of the Nol9/Grc3 CTD was elusive until now. Interestingly, Clp1 also relies on its CTD to mediate a series of protein-protein interactions that are important for its RNA processing activities 52 . This suggests members of the Clp1/Nol9 RNA kinase family may use their CTD as a molecular beacon for the recruitment of RNA processing factors. Moreover, we identified the Las1L hydrophobic patch within the LCT as a minimal region for Nol9 binding. The role of the human LCT as a Nol9-binding factor is consistent with previous characterization of the S. cerevisiae
Las1-Grc3 complex 8, 22 .
While the LCT appears to play a conserved role in Nol9/Grc3 binding, the role of the HEPN domain in complex formation varies across species. We show the human Las1L HEPN domain is insufficient for Nol9 binding, whereas the budding yeast HEPN domain can associate with Grc3
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. We interpret this to mean that there are variations to the Las1L-Nol9 interaction interface between lower and higher eukaryotes. In fact, Las1L and Nol9 sequence alignments reveal extended termini and insertions that are unique to higher eukaryotes.
This study defines Nol9 as a critical spatial regulator for the human ITS2 pre-rRNA processing complex. We identified putative NoLSs at the N-and C-terminus of Nol9. While the putative c-pNoLS is not a genuine signal, the C-terminal tail is critical for ITS2 cleavage and phosphorylation in yeast suggesting it has a regulatory role 22 . In contrast, the N-terminal NoLS sequence is a bona fide Nol9 nucleolar localization signal. This NoLS transports both Nol9 and Las1L into the nucleolus indicating the complex is first assembled in the cytoplasm (Fig. 9) . The presence of a Nol9 NoLS is unlikely to be ubiquitous amongst all homologs since the Nol9 N-terminal extension encoding the NoLS is largely found in higher eukaryotes. Considering this basic N-terminal stretch is absent in primitive eukaryotes, such as invertebrates and fungi, we propose this to be unique to vertebrates (Fig. 5a ). Intriguingly, Nol9 sequence alignments suggest the acquisition of the Nol9 NoLS correlates with the transition from a bipartite to tripartite nucleolus 35 . This raises the question as to whether Nol9 acquired the N-terminal NoLS to provide additional regulation for the Las1L-Nol9 complex in species where there is more intricate compartmentalization of the ribosome assembly pathway.
The Nol9 NoLS displays characteristic features that efficiently target the ITS2 pre-rRNA processing complex to the nucleolus. While there is no consensus motif for NoLS signals, recent statistical analysis of validated NoLS targeting motifs have identified general trends. For instance, these signals are often found at polypeptide termini within coils or a-helices that are surface exposed 44 . These characteristic features enhance the accessibility of these motifs to promote their recognition and enhance their effectiveness as a spatial regulator. Since the Nol9 NoLS is found at its N-terminus within a predicted surface exposed coil, we anticipate this targeting motif is constitutively exposed and unobstructed by secondary structure that could dampen its effectiveness. Beyond its accessibility, arginine-rich motifs often equate to stronger NoLS targeting motifs oppose to lysine-rich motifs 53 . This emphasizes that the isoelectric properties of these signals play an important role in determining the potency of these targeting motifs. The Nol9 NoLS does not encode for lysines, but has 9 arginines within a span of 17 residues. Interestingly, previous NoLS characterization has shown that peptides harboring 9 arginine residues display the highest level of nucleolar accumulation 53 . Taken together, the Nol9 NoLS is a strong nucleolar targeting motif. This is in line with its essential role in securing the translational capacity of the cell through pre-rRNA processing of the ITS2. Moreover, the efficient nature of the Nol9
NoLS has the added advantage of safeguarding nonspecific nuclear and cytoplasmic RNAs from aberrant RNA processing by Las1L-Nol9.
Taken together, we establish the conservation of Las1L-Nol9 higher-order assembly in humans and unambiguously identify an NoLS regulatory feature that programs Nol9 to spatially regulate the human ITS2 pre-rRNA processing complex. With the growing list of Las1L and Nol9 binding partners 16, 54 , it will be important to see what influence the Nol9 NoLS may have on the spatial organization of other essential and disease-associated RNA processing factors.
Materials and Methods
Expression Vectors of Las1L and Nol9 Variants
Homo sapiens Las1L and Nol9 constructs were generated using cDNA provided by GenScript.
Full length Las1L (residues 1-734; pMP 062) and Nol9 (residues 1-702; pMP 063) were inserted into a modified eGFP (between EcoRI/KpnI) containing pLEXm vector 55 using KpnI/XhoI and KpnI/NotI, respectively. Full length Nol9 (pMP 011) was also inserted into pLEXm-GST vector using KpnI/NotI and full length Las1L (pMP 126) was inserted into pCAG-OSF vector 56 using KpnI/XhoI. Las1L truncations were generated using pMP 126 as a template to amplify Las1L residues 37-734 (pMP 709), residues 82-734 (pMP 708), residues 1-188 (pMP 700), residues 1-613 (pMP 707), residues 1-660 (pMP 701) and inserted into pCAG-OSF vector using KpnI/XhoI. Nol9 truncations were generated using pMP 063 as a template to amplify Nol9 residues 123-702 (pMP 168), residues 1-479 (pMP 167), residues 123-479 (pMP Dc-pNoLS and (d) GFP-Nol9 Dn-NoLS. White arrows define the path for co-localization analysis and numbers identify unique nucleoli described in the relative intensity plot shown on the right. Endogenous Las1L relies on the Nol9 n-NoLS for its nucleolar localization. 4′,6-diamidino-2-phenylindole (DAPI, blue) was used to visualize the nucleus. Scale bars, 4 µm. Fig. 9 . Spatial regulation of the human Las1L-Nol9 complex. The Las1L-Nol9 complex assembles into a higher-order complex. A hydrophobic patch within the Las1L C-terminal tail (LCT) drives the interaction between Las1L and Nol9. The Las1L-Nol9 interface is further supported by the Nol9 C-terminal domain (CTD). Nol9 encodes a labile N-terminal nucleolar localization sequence (n-NoLS) that is responsible for the transport of the assembled Las1L-Nol9 complex into the granular component of the nucleolus where it orchestrates late pre-rRNA processing events, including the removal of the ITS2.
